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Numerical Study of Progressive Damage and Failure in Advanced Composite Materials
Ryo HIGUCHI
Abstract
Virtual testing, replacing certain certification tests with numerical simulation, is one of the most challenging
issues for the aircraft industry, which undergoes numerous certification tests of advanced composite materials. For
virtual testing, precise numerical prediction of the nonlinearity and ultimate strength under several load configu-
rations is essential. These features of advanced composites are dominated by progressive damage. Consequently,
establishing a high-fidelity numerical simulation method that can predict the nonlinearity, progressive damage,
and ultimate strength in composite materials is essential in order to realize virtual testing.
This study focuses on computational mesomechanics simulations using the finite element method (FEM), i.e.
simulations on the scale of coupon specimens. This approach plays an important role in bridging the microscale
(scales of fiber and matrix) and the macroscale (scale of the structure itself). In this approach, the fiber and
matrix are not distinguished (i.e., materials are treated as homogeneous). In the case of composite laminates,
the main elements are homogeneous plies with different fiber orientations stacked one above the other and the
interfaces between plies. With such a modeling approach, intra-ply and inter-ply damage models can be introduced
separately, and both play important roles in predicting typical composite internal damage.
In the standard FEM framework, several damage models have been developed. They can be separated into
two categories, continuous damage models and discrete damage models. Due to their advantage in computational
robustness, continuous damage models, such as the smeared crack model (SCM) and continuum damage me-
chanics (CDM), are efficient for modeling multiple (diffuse) cracks that are difficult to discretize. However, they
are not appropriate for modeling large (dominant) cracks, since the finite crack width (equal to the finite element
length) results in a dull gradient of stress concentration around the crack tip. In contrast, the stress concentration
around the crack tip can be captured by the discrete damage models, such as the cohesive interface element. Nev-
ertheless, insertion of these elements should be aligned with the finite elements and often results in difficulty of
meshing components with complicated shapes. To overcome the above limitations of models in standard FEM,
mesh-independent crack modeling methods, such as extended FEM (XFEM), are thought to be among the most
effective approaches. One disadvantage of XFEM is higher computational cost than standard FEM. Consequently,
suitability of a damage-modeling method always changes with the phenomenon to be represented, level of accu-
racy required, and computational power available.
This study develops a computational mesomechanics simulation method to predict nonlinearity, progressive
damage, and ultimate strength in advanced composite materials. It focuses on two kinds of advanced composite
materials: ceramic matrix composites (CMCs) and carbon fiber reinforced plastics (CFRPs). CMCs are being
considered for aerospace gas turbines since they have excellent high-temperature strength. CFRPs have been
increasingly applied to airframes because they are superior to conventional metals in specific strength and stiff-
ness. They also have been utilized in aircraft engine components such as fan blades and fan cases since the usage
temperatures of these components are relatively low. Both CMCs and CFRPs have advantages over conventional
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metals as stated above. However, they exhibit quite complex damage behavior, which results in difficulty pre-
dicting nonlinearity and ultimate strength. Therefore, this study carefully chooses an appropriate model for the
damage of interest and examines its suitability.
The second chapter proposes a numerical simulation method to predict nonlinearity, damage progression,
and ultimate strength in 3D woven CMCs. The proposed method implements three numerical approaches: CDM
models are used to predict nonlinear behavior due to diffuse cracks in CMCs, Weibull criterion is utilized to
take into account the size eff cts of longitudinal tensile strength, and nonlocal damage theory is implemented to
confirm the mesh independence of the results and the convergence of computation. In order to verify the prediction
accuracy of the proposed method, non-hole tension tests and open-hole tension tests were simulated. Predicted
nonlinear stress-strain responses and failure strain were compared with experiment results.
The third chapter presents both experiment testing and phenomenological damage modeling for CFRP lami-
nates under high-velocity impact, which is a critical problem for application to aircraft engine components. First,
high-velocity impact tests on CFRP laminates were conducted and the penetration and damage behavior were
investigated. Three internal damages were observed: longitudinal failure, transverse crack, and delamination.
The observed transverse cracks were classified into two categories: multiple (diffuse) cracks around the impact
point and large (dominant) cracks on the bottom ply. A simulation model was then developed based on these ex-
periment observations. In the presented model, both continuous and discrete damage models were implemented
for modeling two crack configurations. For comparison, two conventional models (one using only the discrete
damage model and the other using only the continuous damage model) were also presented. To validate the pre-
sented model, high-velocity impact simulations were performed, and the predicted results were compared with
experiment and conventional models in terms of the damage area and distribution.
The fourth chapter establishes a simulation method based on XFEM and examines its capability to pre-
dict progressive damage and failure of CFRP laminates under in-plane and out-of-plane static loadings. In the
proposed method, the plastic behavior (i.e., pre-peak nonlinear hardening in the local stress-strain response) is
characterized through the pressure-dependent elasto-plastic constitutive law. The evolution of transverse crack
and delamination, which result in post-peak softening in the local stress-strain response, is modeled through zig-
zag enhanced cohesive zone model (ZECZM). ZECZM introduces two modifications against the general cohesive
zone model. First, in the traction-separation law, a zig-zag softening law is employed to mitigate the convergence
problem during softening. Second, the pressure-dependency of shear strength is modeled by the Mohr-Coulomb
model. The ZECZM for delamination is introduced through an interface element, but the ZECZM for transverse
cracks, which occurs multiply in each ply, is introduced through an XFEM. Longitudinal tensile failure, which is
dominated by fiber breakage and typically depends on the specimen size, is modeled by the Weibull criterion. Lon-
gitudinal compressive failure (i.e., kink-band formation) is modeled by the SCM with LaRC03 failure criterion.
Finally, several validation examples are presented to demonstrate the prediction accuracy of the proposed method:
off-axis tension/compression tests, open-hole tension/c mpression tests, and quasi-static indentation tests. The
predicted results of the nonlinear response, damage area and distribution, and ultimate strength were compared
with experiments.
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CFRP適用事例について，Fig. 1.2に示す．また，Pratt & Whitney社／一般財団法人日
本航空機エンジン協会／MTU Aero Engines社が国際共同開発したAirbus社のA320neo
向けエンジンPW1100G-JMでは，世界で初めて炭素繊維強化熱可塑性プラスチックが
構造案内翼(Structural Guide Vane; SGV)へと適用され，大きな注目を集めている．
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1.2 先進複合材料の課題と数値解析への期待















































Fig. 1.5 Building blocks for certification process of different aircraft structures; (a) metal struc-











• 認証コスト・期間が短縮することで航空機開発のハードルが下がる(Fig. 1.5 (c))．




















































































































































このようなメッシュ依存性を避けるため，BažantによってCrack Band Model [24,25]






このため，Crack Band ModelはSmeared Crack Model [26]と組み合わせて使用される
場合が多い．Smeared Crack Modelとは，連続体内部に生じる損傷(クラック)の開口変
位を要素内で平均化し，全ひずみを弾性ひずみとクラック開口ひずみに分解して定式
化する手法である．近年，Smeared Crack Modelと組み合わせた手法をSmeared Crack
(Band) Model (SCM)と呼ぶことが多いため，以降本論文でSCMと表記する場合には
Fig. 1.10 Schematic figure of smeared crack band model.
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本研究では，面外衝撃試験，円孔材圧縮 (Open-Hole Compression; OHC)試験など，
繊維支配の損傷が段階的(安定)に進展する問題では，SCMを採用することとする．
最後に，繊維支配の損傷の分類とモデル化手法をFig. 1.11にまとめる．






















のメッシュ依存性(Figs. 1.13, 1.14 (a))に注意する必要がある．




Fig. 1.13 Study of mesh dependency in damage analysis of brittle material [30].
Fig. 1.14 Simulated crack pattern in the notched three-point bending specimen [31].
このような局所化問題を抑制する方法として，1.4.1節でも紹介した Crack Band









































































法(eXtended Finite Element Method; XFEM) [57,58]，その派生手法であるPhantom Node
Method (PNM) [59]，Floating Node Method (FNM) [60]が挙げられる．これらの手法は，
層間はく離のモデル化 [61–63]，トランスバースクラックのモデル化 [64–68]，層間は
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供試材には，直交三次元織物チラノTMZMI繊維 (56%Si, 1%Zr, 34%C, 9%O：宇部興
産)/Si-Ti-C-O複合材料を使用した．繊維体積配向率は11方向，22方向は同一である
が，33方向には異なる．繊維界面には化学気相含浸法(Chemical Vapor Infiltration; CVI)
により炭素コーティングを施している．マトリクスはCVI法，固相含浸法(Solid Phase











Table 2.1 Conditions of the monotonic loading test.
Test Crosshead speed (mm/ in)
NHT test (0◦) 3.0
NHT test (45◦) 1.5
OHT test (ϕ=4mm (dumbbell)) 5.0
OHT test (ϕ=8mm (dumbbell)) 5.0







2.3.1 現象論的剛性低下(Phenomenological Stiffness Degradation; PSD)
損傷モデル
本研究では Lemaitre等が提案した現象論的な剛性低下モデル [19] の三次元織物
SiC/SiC複合材料への適用を試みる．以降，本モデルをPSDモデルと呼ぶ．
まず，ひずみ等価性の仮説に基づき，損傷材料の構成則を次式にて定義する．
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2.3.2 ONERA損傷モデル(Onera Damage Model Load; ODM LD)
前節で述べたPSDモデルの比較対象として，Marcin等によって定式化されたODM LD


























= C̃ : ε − Cini : εs (2.9)




















i C̃ : H i : C̃

















(−∆λi ≤ δi ≤ ∆λi)












εii (i = 1,2,3)
(ε11+ ε22+ γ12)/2 (i = 4)








i H i (2.15)
として与えられる．ここで，H iは 4階の損傷効果テンソル [25]である．一般に，ク
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括弧であり，⟨x⟩ = (x+ |x|) /2として定義される．
損傷同伴変数yiは次式にて定義される．
y1 = yf 1 − |ys| (2.24)
y2 = yf 2 − |ys| (2.25)
y3 = yf 3 (2.26)
y4 = ⟨ys⟩ (2.27)
y5 = ⟨−ys⟩ (2.28)
但し， 
yf 1 = 12
(
C011 ⟨ε11⟩
2 + b1C044 ⟨γ12⟩
2 + b2C066 ⟨γ31⟩
2
)
yf 2 = 12
(
C022 ⟨ε22⟩
2 + b1C044 ⟨γ12⟩
2 + b2C055 ⟨γ23⟩
2
)
















































































































p1, p2, p3 0.86
p4, p5 1.25





































































Fig. 2.6 Flowchart of proposed simulation method.
2.4.1 無孔平板引張試験
0◦材および45◦材のNHT試験結果および解析結果の応力－ひずみ曲線の比較をそれ








Fig. 2.7 Comparison of experiment and predicted stress - strain curves in NHT test of 0◦ spec-
imen.








Table 2.3 Comparison of the failure strains from experiment and simulations in OHT test.
m Failure strain inϕ=4mm (Error %) Failure strain inϕ=8mm (Error %)
Experiment — 4.49× 10−3 (—) 3.04× 10−3 (—)
PSD model 9 3.76× 10−3 (-16.4) 3.17× 10−3 (4.34)
10 4.04× 10−3 (-10.1) 3.07× 10−3 (0.85)
11 4.43× 10−3 (-1.35) 2.86× 10−3 (-5.95)
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た試験片へ向けて発射する．飛翔体にはSUJ2 (高炭素クロム軸受鋼鋼材, JIS G4805)製
のベアリング球(JIS B1501, ISO 3290)を用いた．飛翔体の直径は6mm，重さは0.9gで
ある．飛翔体をサボに設置することで効率良く圧縮空気を受けて速度を得ることが
でき，また安定した射出方向を得ることができる．サボはストッパーで停止させるた























































Fig. 3.3 Three kinds of damage propagation mechanism; (a)shear crack, (b)surface-bending






































Fig. 3.5 Distribution of internal damage, as measured using X-ray computed tomography im-





















































{(I − D) : ε + ε : (I − D)} (3.1)
として与えられる．ここで，εはひずみテンソル，IとDは2階の単位テンソルおよび
損傷テンソルである．損傷テンソルDは次式にて定義される．




σ = C : ε̃ =
1
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C̃11 C̃12 C̃13 0 0 0
C̃22 C̃23 0 0 0
C̃33 0 0 0














C̃11 = (1− d1) C11, C̃12 =
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C23, C̃33 = C33,
C̃44 =
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である．C11，C12，· · ·，C66は健全材料の弾性係数テンソルCの各成分，⟨ ⟩はMacaulay


















Fig. 3.7 Conceptual scheme of the SCM. Top: Example of failure under longitudinal tensile
loading. Bottom: Comparison of the constitutive relationship in the SCM with that in










































































(1− d1) C11ε211+ {2− (d1 + d2)}C12ε11⟨ε22⟩
+ (2− d1) 2C12ε11⟨−ε22⟩ + (2− d1) 2C13ε11ε33
+ (1− d2) C22⟨ε22⟩2 +C22⟨−ε22⟩2 + (2− d2) C23⟨ε22⟩ε33 (3.14)
+2C23⟨−ε22⟩ε33+C33ε233+
(


































































yC2 = 1.12，m= 1.5と決定した．
また，CDMにて損傷進展を取り扱う際には，局所化に伴うメッシュ依存性が問題
















































































Table 3.1 Material properties of T700S/2592 [30,33–36].
Elastic properties [33,34]
Longitudinal Young’s modulusE11 135GPa
Transverse Young’s modulusE22 8.5GPa
Out-of-plane Young’s modulusE33 8.5GPa
In-plane shear modulusG12 4.8GPa
Out-of-plane shear modulusG23 2.7GPa
Out-of-plane shear modulusG31 4.8GPa
In-plane Poisson’s ratioν12 0.34
Out-of-plane Poisson’s ratioν23 0.49
Out-of-plane Poisson’s ratioν13 0.34
Fiber failure
Longitudinal tensile strengthX+ 2550MPa [33]
Longitudinal compressive strengthX− 1470MPa [33]
Fracture toughness for fiber tensile failureGC1+ 60.0N/mm
Fracture toughness for fiber compressive failureGC1− 40.0N/mm [35]
Delamination
Mode I interlaminar maximum tractiontCI 69MPa [34]
Mode II and III interlaminar maximum tractiontCII ,σ
C
III 100MPa [34]
Mode I interlaminar fracture toughnessGCI 0.277N/mm [36]
Mode II and III interlaminar fracture toughnessGCII ,G
C
III 0.788N/mm [36]







































































dC1+ − d1+,dC1− − d1−
)
= 0
with : dC1+ = 0.999




εC −max(ε11, ε22, ε33) , γC −max
(∣∣∣γ12∣∣∣, ∣∣∣γ23∣∣∣, ∣∣∣γ31∣∣∣)} = 0 (3.23)
として導入する．ここで，εC と γC は垂直方向，せん断方向のひずみの最大値であ
り，エネルギー散逸に影響を及ぼさず，かつ計算効率を悪化させない範囲で適切に定
める必要がある．本研究では，先行研究 [9, 10]および感度解析に基づき，それぞれ












Table 3.2 Comparison of experiment and simulated damage area and CPU time with and with-
out penetration.
Experiment Model (I) Model (II) Model (III)
Number of nodes — 1381204 1418458 1378006





726 659 952 607
No penetration Error(%) — 10.2 23.8 19.7





1245 1260 1286 1123
Penetration Error(%) — 1.2 3.2 10.9
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験 [10,11]，OHT試験 [6,10–12]，コンパクトテンション試験 [6]，端面切欠き曲げ(End






















































CFRP (IM7/8552 (Hexcel)，T800S/3900-2B (東レ))を対象として，斜向材引張 (Off-Axis
Tension; OAT)・圧縮(Off-Axis Compression; OAC)解析，OHT解析，OHC解析，QSI解析
を実施する．予測された非線形挙動，損傷進展，最終強度について実験結果と比較
することで，提案手法の予測精度について検証する．






















Fig. 4.3 Boundary-value problem for 3D elasto-plastic off-axis unidirectional laminate includ-
ing arbitrary-length crack along fiber direction.
S+，S−と表す．S+，S−は力学的境界となるが，本研究ではクラック面間に結合力モ
デルを導入するため，これらの境界では結合力が作用するものとする．全体座標系
をxi (i = 1,2,3)とし，クラック面における結合力，変位成分に関してはクラック面下
側に設けた局所座標系 x̃i (i = 1, 2,3)にて表すこととする．このとき，仮想仕事の原理
による基礎方程式は次式のように表される．∫∫∫
V






















Fig. 4.4 Schematic diagrams of quasi-3D crack modeling. Left: 2D crack modeling on the base
surface by the level-set XFEM. Right: Creation methodology for semi-structured 3D
pentahedral elements based on the classification of triangular elements according to





∥x − x̄∥sign(n+(x̄) · (x − x̄)) (4.2a)
ψ(x) = min
x̄∈Γ′
∥x − x̄∥sign(n′+(x̄) · (x − x̄)) (4.2b)
ここで，n+はクラック線Γ上で上側を向く法線ベクトル，n′+はΓ′上でリガメント側
を向く法線ベクトルである．ある節点でのϕの値は，その節点がクラック線Γの上側
にある(ϕ > 0)か，下側にある(ϕ < 0)か，もしくはクラック線Γ上に存在する(ϕ = 0)か
を表す．一方で，ある節点でのψの値は，その節点が線Γ′より前方にある (ψ > 0)か，































ここで，LI は三角形の面積座標，uI，aI は節点自由度，r3 は板厚方向の自然座標
(−1 ≤ r3 ≤ 1)，NBおよびNTは板厚方向の内挿関数である．また，H(x)は次式のよう
に定義されるヘビサイド関数2である．
H(x) =










LI (x)(NB(r3)uI + NT(r3)uI+3) + L∗1(x)





Fig. 4.5 Definition of a pentahedral crack tip element.
ここで，L∗jは三角形1P3の面積座標にて表される内挿関数であり
L∗1 = 1− L∗P− L∗3 (4.9)
L∗P = L2/L2(xP) (4.10)






























LI (x)(ubotI + (H(ϕ̄











dεi j = dε
e




dεei j = S
e
i jkl dσkl (4.14)
として与えられる．ここで，Sei jklは4階の弾性コンプライアンステンソルである．次
に，塑性ポテンシャル fおよび有効応力σ̄を次式のように導入する．
f = σ̄2/3 (4.15)




























dWp = σi j dε
p
i j = σ̄dε̄
p (4.19)
式(4.18)に式(4.15)，(4.19)を代入し整理すると，




















































































































































































































壊面の角度であり，本研究ではα0 = 0◦としている．LaRC 03破壊基準では，繊維回転
角度の初期値を式(4.30)で算出されるθiniとし，せん断ひずみを用いて増分ステップ毎
に繊維回転角度を更新し，繊維回転角度の座標系での応力成分を用いて次式にて破












































































Fig. 4.9 Flowchart of proposed simulation method.
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4.3 検証解析
Table 4.1 Material properties of IM7/8552.
Laminate properties [39]
Longitudinal Young’s modulus (tension)E11+ 171GPa
Longitudinal Young’s modulus (compression)E11− 140.9GPa [40]
Transverse Young’s modulusE22 9.1GPa
Out-of-plane Young’s modulusE33 9.1GPa
In-plane shear modulusG12 5.3GPa
Out-of-plane shear modulusG23 3.0GPa
Out-of-plane shear modulusG31 5.3GPa
In-plane Poisson’s ratioν12 0.32
Out-of-plane Poisson’s ratioν23 0.52
Out-of-plane Poisson’s ratioν13 0.32
Coefficient of Thermal expansionα1 −5.5× 10−6/K
Coefficient of Thermal expansionα2 2.58× 10−5 /K
Coefficient of Thermal expansionα3 2.58× 10−5 /K
Parameters for ZECZM [39]
Mode I interlaminar maximum tractiontCI 62.3MPa
Shear mode interlaminar maximum tractiontCshear 92.3MPa
Mode I interlaminar fracture toughnessGCI 0.277N/mm
Shear mode interlaminar fracture toughnessGCshear 0.788N/mm
Mode interaction parameterα 1.0 [41]
Friction coefficientη 0.3 [26]




Parameters for LaRC03 criterion & SCM
Longitudinal compressive strengthX− 1690MPa [43]
Transverse compressive strengthY− 185MPa [44]
Longitudinal shear strengthSL 92.3MPa [39]












Table 4.2 Material properties of T800S/3900-2B.
Laminate properties [46]
Longitudinal Young’s modulus (tension)E11+ 153GPa
Longitudinal Young’s modulus (compression)E11− 132.6GPa
Transverse Young’s modulusE22 8.0GPa
Out-of-plane Young’s modulusE33 8.0GPa
In-plane shear modulusG12 4.03GPa
Out-of-plane shear modulusG23 2.75GPa
Out-of-plane shear modulusG31 4.03GPa
In-plane Poisson’s ratioν12 0.34
Out-of-plane Poisson’s ratioν23 0.45
Out-of-plane Poisson’s ratioν13 0.34
Coefficient of Thermal expansionα1 0.0 /K [47]
Coefficient of Thermal expansionα2 3.31× 10−5 /K [47]
Coefficient of Thermal expansionα3 3.31× 10−5 /K [47]
Parameters for ZECZM [46]
Mode I interlaminar maximum tractiontCI 66.9MPa
Shear mode interlaminar maximum tractiontCshear 100MPa
Mode I interlaminar fracture toughnessGCI 0.54N/mm
Shear mode interlaminar fracture toughnessGCshear 1.64N/mm
Mode interaction parameterα 1.0 [41]
Friction coefficientη 0.3 [26]
Parameters for Weibull criterion
Weibull modulusm 40.1 [42]
Characteristic strengthσ0 3100MPa [46]
Characteristic volumeV0 2200mm2 [46]
Parameters for LaRC03 criterion & SCM [46]
Longitudinal compressive strengthX− 719.4MPa
Transverse compressive strengthY− 193.3MPa
Longitudinal shear strengthSL 118MPa



















(θ = 15◦,30◦,45◦,60◦, 75◦,90◦)，試験片寸法は長さ20.0mm，幅10.0mm，厚さは4.0mm








OAT解析のみ実施する．対象とする積層構成は[θ24] (θ = 10◦,20◦,30◦,40◦,50◦,60◦, 70◦,80◦)，
Fig. 4.10 Comparisons of experiment [22] and predicted stress - strain curves for various off-



















断面の形態から (i)脆性破壊モード，(ii) プルアウト破壊モード，(iii) 層間はく離破壊
モードの3種類に分類できる．各種破断面はFig. 1.7に示した通りである．
Fig. 4.11 Comparisons of experiment [48] and predicted stress - strain curves for various off-

















は“ Ply-level scaling”であり，[45m/90m/ − 45m/0m]s (m= 1,2,4,8)のように，各層厚を




方法は“ Sub-laminate level scaling”であり，[45/90/ − 45/0]ns (n = 1,2,4,8)のように，
[45/90/ − 45/0]という積層構成を1，2，4，8回と反復することで，板厚を変化させる
方法である．スケーリング方法の概念図を Fig. 4.13に示す．以降，文中では簡単の
ため前者をP (m=1, 2, 4, 8)，後者をS (n=1, 2, 4, 8)と表記することとする．例えば，P















Fig. 4.13 Different scaling methods used in Ref. [1].
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4.3 検証解析
Fig. 4.14 Specimen geometry, model size, boundary conditions, and pre-inserted crack loca-
tions in each ply for OHT simulation of IM7/8552.










Fig. 4.15 Comparisons of experiment [1] and predicted strength and failure modes with various











Fig. 4.16 Predicted average stress - displacement relation in specimens P (m=4) and S (n=4).
Fig. 4.17 Comparison of experimental [1] and predicted damage distributions just before final











Fig. 4.18 Predicted damage distributions (d=0.225mm, 0.273mm, 0.289mm) and X-ray CT































Fig. 4.19 Predicted deformation behavior and comparison of experiment [1] and predicted de-










性データベース [46]およびJAXA社内データ [49]と比較する．試験はASTM D5766 [52]
に基づいており，試験片寸法は長さ305mm，幅38mm，厚さ3mm，円孔径6.35mm，積
層構成は [45/0/ − 45/90]2sである．解析モデルの幾何形状，クラック挿入位置および
境界条件をFig. 4.20に示す．















Table 4.3 Comparisons of experiment [46] and predicted results in OHT test of T800S/3900-
2B.
Experiment [46] Simulation Error
Young’s modulus MPa 56.4 56.1 -0.53 %
Strength MPa 526 527.1 0.21 %
Failure strain % 0.93 0.972 4.32 %
Failure mode Pull-out Brittle or Pull-out —













































本節では IM7/8552を対象として OHC解析を実施し，Marlettら [40]および Joseph





・Stacking A：[0/45/0/90/0/ − 45/0/45/0/ − 45]s (0◦ : ±45◦ : 90◦ = 5 : 4 : 1)
・Stacking B：[45/90/ − 45/0]2s (0◦ : ±45◦ : 90◦ = 2.5 : 5 : 2.5)
・Stacking C：[45/ − 45/0/45/ − 45/90/45/ − 45/45/ − 45]s (0◦ : ±45◦ : 90◦ = 1 : 8 : 1)
各積層構成における実験と解析での剛性と強度の比較をFig. 4.23 (a)，(b)に示す．






















































Fig. 4.25 Comparison of experiment [49] and predicted stress - strain curves and damage be-



































w ZECZM”，考慮していない解析結果を“ Simulation w CZM”として表に記載してい
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4.3 検証解析












Fig. 4.27 Geometry, inserted crack locations, and boundary conditions for QSI simulation of
IM7/8552.
Table 4.4 Comparisons of experiment [3] and predicted results in QSI test of IM7/8552.
Peak load kN (Error %) Projected damage area mm2 (Error %)
Experiment [3] 1.28 (—) 34.2 (—)
Simulation w ZECZM 1.19 (-7.0 % ) 29.0 (-15.2 % )










Fig. 4.28 Comparison of experiment [3] and predicted load - displacement curve in QSI test of
IM7/8552.
Fig. 4.29 Comparison of experiment [3] and predicted damage distribution after initial load
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NI = 1 (A.2a)∑
I





























































座標LI (I = 1,2, 3)および厚さ方向の自然座標r3を用いて内挿される．例えば，任意の
位置P(L1, L2, L3, r3)での変位ベクトルupを考える．仮想の三角形要素1’-2’-3’について，
点Pでの変位ベクトルupを面積座標および点1’，2’，3’での変位ベクトルを用いて内
挿すると，














{−(r3 − 1) (r3 + 1)}
 u1u4
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4 θ + 3a66 sin
2 θ cos2 θ + a21 cos





4 θ + 3a66 sin
2 θ cos2 θ + a21 cos















a44については，先行研究 [7]を参考に，a44 = 2.0とした．例として，Koerber等の斜向
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付録B 静水圧依存弾塑性構成則の材料定数同定方法

















































































































































































































































































sin 2θ + τ12 cos 2θ (D.5c)









































































































の座標変換は式(D.5)に示した通りである．単軸圧縮負荷破壊σ11 = −X−，σ22 = τ12 = 0
を考えるとき，各応力成分は次式にて与えられる．
σm11 = −X− cos2 θ
σm22 = −X− sin2 θ (D.13)


















2 θcri − tanθcri + SL
X−
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る．つまり，Fig. D.4より，クラック面角度α0 = 0◦となり，式(D.12)におけるトランス
バース方向せん断応力は無視できる．
以上をまとめると，LaRC03における繊維方向圧縮破壊基準は，トランスバース引
























































⟨t2I ⟩ + t2II + t2III (E.2)
Fig. E.1 Schematic diagrams of mixed-mode cohesive zone model.
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付録E Zig-zag軟化則を用いた静水圧依存型結合力モデルの定式化
ここで，ushearはせん断相対変位量である．⟨ ⟩はMacaulay括弧であり，⟨x⟩ = (x+ |x|) /2
として定義される．損傷の開始までは，各結合力成分tiは次式のように表される．
ti = K
iniui (i = I, II , III) , (E.3)
但し，K iniは初期ペナルティ剛性である．











































2 (uI > 0)





































































































































































2 (uI > 0)




























































kを用いて ∆G+k = ∆uIk
(






































uf − uo (E.25)
























k，∆ukは，ckとuk−1を用いて， uMIDk = (1+ ck)uk−1uk = (1+ ck)2uk−1 (E.28)















tI, Ek − tk−1
)
/tk−1 ≤ α
⇔ ∆uIk/uk−1 = ck ≤ α (E.30)
を満たす必要がある．つまり，増分比をα以下に保つようにZig-zag軟化過程を逐次定
めればよい．本研究では，先行研究 [40]を参考にα = 0.025とした．
以上のように求められた各種パラメータを用い，Fig. E.4の区間I，IIのそれぞれに





· uk − u
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最後に，Zig-zag軟化則の検証のため，DCB (Double Cantilever Beam)・ENF試験解析
を実施し，線形軟化則により得られる解との比較を行う．解析モデルおよび境界条件





Fig. E.5 Simulation model and boundary conditions for (a) DCB test, (b) ENF test.
















































































Fig. F.1 Numerical integration for six-node pentahedral elements.
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